Axonemal dyneins are motor proteins that form the inner and outer arms of the axoneme in cilia and flagella. Defects in dynein arms are the leading cause of primary ciliary dyskinesia (PCD), which is characterized by chronic respiratory infections, situs inversus, and sterility. Despite current understanding of pathological features associated with PCD, many of their causative genes still remain elusive. Here we analyze genetic requirements for wampa (wam), a previously uncharacterized component of the outer dynein arm that is essential for male fertility. In addition to a role in outer dynein arm formation, we uncovered additional requirements during spermatogenesis, including regulation of remodeling events for the mitochondria and the nucleus. Due to the conserved nature of axonemal dyneins and their essential role in both PCD and fertility, this study advances our understanding of the pathology of PCD, as well as the functional role of dyneins in axonemal formation and spermatogenesis.
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In Drosophila, sensory neurons and sperm are the only ciliated cell types, which facilitates loss-of- 35 function genetic analysis of axonemal assembly without the confounding effects of lethality or pleiotropic 36 phenotypes. Here, using Drosophila, we characterize a previously unidentified component of the 37 axoneme, CG17083, which we named wampa (wam). By generating mutant alleles of wam using 38 CRISPR/CAS9 targeted mutagenesis, we demonstrate that it is essential for the formation of the outer 39 dynein arms of the axoneme in the developing sperm flagella. Consequently, full loss of flagellar motility 40 was also observed. In addition to the loss of the outer dynein arms, wam KO 
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Approximately every 10 hours, these stem cells asymmetrically divide to produce two daughter cells, one 52 of which will remain in contact with the hub cells in the niche, while the other will move away in order to 53 differentiate into an immature spermatogonia. This spermatogonia will undergo four rounds of mitotic 54 divisions and, after an extended growth phase, will undergo two rounds of meiotic divisions to produce 55 64 interconnected spermatids ( Figure 1A ). Upon the completion of meiosis, the spermatid will then enter 56 a phase known as spermiogenesis, which consists of 3 parts: The formation of the axoneme, drastic 57 morphological re-shaping of the mitochondria, and re-modeling of the nucleus. These morphological 58 steps are all necessary in order to finalize the production of the mature sperm. During this phase, 59 hundreds of mitochondria aggregate around the basal body, which is embedded into the nuclear 60 membrane. The mitochondria then fuse to form two separate masses that intertwine around one another 61 forming one large sphere. The resulting structure is referred to as a nebenkern [14] . As the axoneme 62 begins to elongate, the mitochondrial derivatives will unfurl from one another and grow with the 63 developing axoneme, supporting it during an extreme elongation phase [15] . During axonemal elongation, 64 the nuclear head also undergoes a dramatic reduction in size to nearly 200x smaller than it was at the 65 beginning of spermiogenesis. At the end of the elongation and nuclear compaction stages, an actin 66 complex individualizes all 64 sperm and cytoplastic debris is removed, resulting in fully mature, 67 individualized, and highly coiled spermatozoa that can be transferred to the seminal vesicle ( Figure 1B ).
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Wam is a highly conserved gene that was predicted to be involved in outer dynein arm formation based on 69 sequence similarity with Chlamydomonas [16, 17] . In order to assess its role in Drosophila, we employed 70 CRISPR/CAS9 mutagenesis to create three mutant alleles. Wam encodes a 550 amino acid (aa) protein 71 that contains three coiled-coiled domains ( Figure 1C ). We first generated a novel null allele, wam KO , by 72 utilizing two gRNAs targeting either sides of the coding region, removing the entire gene locus.
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Additional alleles, wam 1 and wam 2 , were generated using a single gRNA to target the middle of the 74 coding region, which resulted in a truncated protein at 250aa that lacks the last coiled-coiled domain 75 ( Figure 1C and Figure S1 ). Phenotypically, homozygous animals from each allele appeared normal and 76 displayed no obvious defects. However, when assayed for fertility, homozygous mutant males exhibited 77 complete sterility while females produced similar amounts of progeny as wildtype ( Figure 1C ). All three 78 wam alleles resulted in identical phenotypes in every assay and did not show any apparent defects in 79 sensory behavior. For simplicity, only wam KO is utilized from here on. Using both complementation and 80 rescue experiments, we confirmed that the sterility was due to the loss of wam and not bb8, a neighboring 81 gene which is also required for male fertility ( Figure S2 ) [18] . Taken together, these data indicate that 82 wam is required for male fertility.
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Wam is required for axonemal assembly 85 86
To investigate the cause of sterility in wam KO homozygous males, we first examined the testes using 87 phase contrast microscopy and discovered that sperm exhibited a complete loss of flagellar motility 88 ( Figure 2D -2H and movie S1). We also observed that the seminal vesicles of wam KO/KO animals were 89 significantly reduced in size compared to wildtype, indicative of a defect in spermatogenesis prior to 90 sperm loading. To quantify this observation and examine the phenotypic progression, we held males as 91 virgins for two weeks and examined the morphology of the testes. At day one post-eclosion, the gross 92 morphology of testes and associated structures were indistinguishable between wam KO/KO and wildtype 93 animals (Figure 2A ,D). However, as the animals aged, the seminal vesicle of wam KO/KO animals failed to 94 fill with sperm and increase in size as observed in wildtype (Figure 2 , arrows). Instead wam mutant 95 animals showed an enlargement of the basal end of the testes ( Figure 2C and E-F, arrow heads), further 96 consistent with a failure of sperm to enter the seminal vesicles.
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Since wam KO/KO mutants displayed complete immotility of the sperm flagellum, we next examined the 99 ultrastructure of the axoneme. In normal wildtype sperm, outer dynein arms are an essential axonemal 100 substructure known to be required for motility [9] ( Figure 3A,B) . Strikingly, transmission electron 6 the axoneme ( Figure 3A -C). We next sought to determine whether wam functions as a cytoplasmic dynein 103 involved in the pre-assembly transport of the outer dynein arms, such as Wdr92, or whether it is directly 104 incorporated onto the mature flagellum [19] . To resolve this issue, we generated a transgenic line 105 expressing Wam::mScarlet-I under the control of the endogenous wam promoter. Analysis of this tagged 106 construct revealed that wam is in fact incorporated into the axoneme and can be visualized along the 107 entire length ( Figure 3D ). To test functionality of the Wam::mScarlet-I construct, we performed a rescue 108 assay in wam homozygous males. The fusion protein was able to fully restore fertility to wildtype levels 109 ( Figure S2 
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Following the meiotic divisions, mitochondria associated with each developing spermatid aggregate 137 around the basal body and are then fused into the two separate derivatives that form the nebenkern [14] .
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While the majority of onion-and elongation-stage cells appeared normal in wam KO 190 [25] . Nevertheless, while the outer dynein arms were intact in CCDC63 mutants, spermiogenesis was 191 associated with abnormal morphology of both the nuclear head and flagellar tail [25] . This is consistent 192 with other defects we observed in wam KO/KO testes and nicely demonstrates the conserved nature of the 193 single copy of Drosophila wam and its ability to phenocopy defects observed in both mammalian 194 orthologs.
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In addition to its role in the formation of the axoneme, wam is also involved in mitochondrial remodeling.
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During our analysis of wam mutants, we observed that the mitochondria were not properly aligned along 198 the meiotic spindle resulting in perturbation of their segregation during telophase through coalescence.
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This led to a small subset of nebenkerne that appeared to be fragmented during the onion stage.
200
Interestingly, this phenotype bares a strong resemblance to phenotypes observed in lis-1 mutants, which 201 are thought to be a consequence of the disruption of dynein function [13] . Further TEM analysis also 202 uncovered a defect in the mitochondrial derivatives associated with the elongating axoneme in wam 203 mutants, which were consistently and significantly smaller than those observed in wildtype. This was an 9 intriguing finding as it correlated with the observation of the fragmented nebenkerne, suggesting the 205 possibility that not all of the mitochondria were properly incorporated into the mitochondrial derivatives, 206 resulting in smaller derivatives at elongation. Still, it remains unclear why a larger percentage of 207 nebenkerne did not appear fragmented. It is possible that the unfused fragments are in close enough 208 proximity to the nebenkern so as to be indistinguishable or perhaps they are being degraded, resulting in 209 less mitochondria forming the nebenkern and thus, smaller derivatives. It is also plausible that there is an 210 unidentified defect which stunts the growth of the mitochondrial derivatives during elongation. While the 211 precise cause of the elongation defect is not clear, the observation of fragmented nebenkerne and 212 misaligned mitochondria during meiosis strongly suggests that wam is involved in mitochondrial 213 localization during coalescence. It has previously been suggested that the movement of mitochondria 214 during spermatogenesis is dependent on microtubules, and specifically on dynein, and disruption of 215 dynein-associated genes have been shown to perturb the mitochondrial dynamics [13, 14, 26] . Indeed, our 216 imaging reveals that the mitochondria and microtubules co-localize during spermatogenesis ( Figure 4F 
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Our data shows that the morphogenesis of the nuclear head was perturbed in wam mutants, resulting in 223 condensation defects. In mammals, this nuclear re-shaping process is known to be facilitated by the 224 manchette, a microtubule-based structure which links the developing spermatid to the cell surface through 225 microtubule interactions [27, 28] . Defects in either the formation of the nuclear head or the flagellum can 226 result in reciprocal abnormalities in the other process. This has been shown to be a result of disruptions in 227 intra-manchette transportation of proteins essential for spermatogenesis in mammals [23, 29] . In fact, over 228 a dozen genes in mammals have recently been identified to be involved in intra-manchette transportation 229 that perturb both the remodeling of the nuclear head as well as the formation of the flagellum [30] . While 230 there is still a lot unknown about the function of the manchette, it is suggested to be very similar to 231 intraflagellar transportation [23] . Interestingly, we identify here a very similar structure in Drosophila 232 ( Figure 4F and 5E,F, white arrow) that has previously been referred to as the dense complex [26, 31, 32] 233 and has been reported to be involved in the reshaping of the nuclear head [26, 33, 34] . However, this is 234 the first time that is has been linked to disruption in both the formation of the nuclear head and the 235 flagellum, as is reported in mammals. Given that intraflagellar transport has been shown to not be utilized 236 during Drosophila spermatogenesis [35, 36] , it is very likely that Drosophila, like mammals, requires 237 intra-manchette transportation in order to move essential proteins to the nucleus, as well as to the 10 axoneme and mitochondria during these remodeling events. This would explain the defects observed in 239 wam mutants and strongly suggests that insects and mammals have a more similar approach to 240 completing spermatogenesis than previously recognized. 
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Despite extensive effort, at least a third of genes that cause PCD remain elusive and those that are known 250 do not always have a clear functional role [37] . Here we show that wam is able to recapitulate the 251 phenotypes that result in PCD defects observed in both of its mammalian orthologs. As such, further 252 analysis of Drosophila wam could be a productive avenue for investigating molecular mechanisms 253 underlying the pathology of diseases associated with ciliogenesis.
Figure 1. Wampa is essential for male fertility (A)
Schematic of spermatogenesis through the development of spermatids (adapted from Hales and Fuller, 1997) [38] . The germline stem cells surround the hub cells (orange) at the apical tip. The stem cells produce both a new stem cell as well as a gonialblast (grey). The gonialblast will undergo 4 rounds of mitotic divisions, followed by two rounds of meiosis, resulting in 64 spermatids.
(B) Spermiogenesis. Immediately following meiosis, mitochondria coalesce around the basal body, which is embedded in the nuclear membrane, and fuse to form a large sphere-like structure known as the nebenkern. By the onion stage, the basal body is visible on the nucleus and axonemal assembly has initiated. As elongation proceeds, a phase-dark protein spot becomes apparent on the nucleus, the mitochondrial derivatives elongate with and support the developing axoneme (white line on mitochondria), and nuclear remodeling begins to compact the nucleus. The final steps in spermiogenesis will individualize and coil the sperm, forming mature spermatozoa.
(C) Graphic of the wampa locus and CRISPR-generated alleles. CDR and UTRs are represented by white and blue boxes, respectively. The three coiled-coil domains are denoted by pink boxes on the protein schematic. wam KO contains a large 2.1kb deletion that removes the entire gene region, while wam 1 and wam 2 both generated small indels, which resulted in premature stop codons. Fertility quantification is labeled on the right of the schematic for each genotype. See also Figure S1 . (E-F) Phase-contrast and florescent images of spermatids during early elongation from wildtype (E) and wam KO/KO males (F). SiR-tubulin allows microtubules to be visualized which reveal the presence of the manchette (white arrow). No differences are observed in these structures.
Supplemental information
Figure S1. Generation of wampa alleles (A) Schematic displaying general design and confirmation for the generation of wam KO allele. Two gRNAs were used to create double strand breaks on either side of the wampa locus (red arrows). The breaks were repaired via homologous recombination from a donor template that contained 1 kb homology upstream (green line) and 1 kb homology downstream of wampa (peach line), as well as an mCherry cassette flanked by loxP sites (purple arrows). This generated the wam KO-mc line. We then used CRE-LOX recombination to remove the mCherry cassette, generating the wam KO line. This line was validated with sanger sequencing using primers in the 5' and 3' homology arms that resided outside of the gene region and showed a full removal of the entire coding region for wampa, leaving only the expected loxP site.
(B) Schematic displaying the design and confirmation for the generation of wam 1 and wam 2 alleles. A single gRNA was used to create breaks in the middle of the coding region for wampa. The break was repaired via non-homologous end joining. Due to the inefficiency of this repair process, indels were created generating two separate lines. Sequencing confirmed that wam 1 had indels that resulted in three extra amino acids and an approximately 26bp deletion, while wam 2 resulted in a smaller deletion of only 5bp with indels that generated 10 extra amino acids. Both alleles had an early stop site that terminated at 250aa, just under half way through the 550aa protein. His2Av-mRFP1 (BDSC# 23651) to generate the w; His2Av-mRFP1 II.2/CyO; wam KO , sqh-EYFP-Mito/TM3,Sb line that was used during fluorescent imaging analysis.
The Wam::mScarlet-I fusion construct and the wam SR2 rescue construct were created by generating a 6 kb fragment encompassing the wampa locus plus 2 kb on either side. The tag was placed at the C-terminus with a flexible 10x GLY linker that was incorporated into the primers. The following primers were used (5'-3'):
CH322-169E18 (CHORI) 5' homology arm F for tag and rescue: GCC AAG GCA AGT ATT AAA ACG T 5' homology arm R for tag: ACC GCC TCC TCC ACC TCC GCC ACC ACC ACC TCC GCC ACC ACC ACC CAT GTT GCG CTT GGC GGC CAG GAG ACG 5' homology arm R for rescue: TGA ATT CCG ACG GGT GCA C 3' homology arm F for rescue: AGA TGC AGG GTA TTA TGC 3' homology arm F for tag: TAG TTC TGG AAT ATA TGA TG 3' homology arm R for tag and rescue: CAA CAG CAG GCG GTA TAA ATC CA To test the functionality of the tag and rescue constructs, they were double balanced on the second and third chromosomes and crossed wam KO , wam 1 , and wam 2 . Stocks were generated that contained the either the tag or the rescue with the wam mutations. Homozygous males from this stock were collected and assayed for fertility. Complementation assay was performed by crossing Mi{ET1}bb8 MB10362 (BDSC# 27841) to wam KO and testing for fertility of the transheterozygotes.
Fertility assays
For all fertility assays, 30+ single males were crossed to 3-5 wt (w 1118 ) virgins for all indicated genotypes. Vials with progeny after 10 days were considered fertile.
Live imaging
Sperm motility was monitored by dissecting testes of 2-3 day old wt and wam KO males and transferring them to a clean slide in a drop of PBS. The testes were pierced to release the sperm and imaged every 2 ms for 100 frames on a Zeiss Axiovert 200M microscope using a 20x 0.8 Phase Plan-Apochromat objective.
Testis and seminal vesicle morphology were analyzed by collecting several newly eclosed males from both wt and wam KO and holding them as virgins for two weeks. Every few days ~5 males/genotype were analyzed. Their testes and associated seminal vesicles were dissected in PBS and transferred to a clean slide into a drop of PBS and imaged on a Leica CTR 5000 compound microscope.
Testes squashes were performed as previously described [22] . In brief, testes were dissected from 0-2 day-old wt (w;His2Av,RFP;Mito,YFP) and wam KO 
EM analysis
For TEM analysis, testes were dissected and fixed with a buffer containing 2.5% paraformaldehyde, 2% glutaraldehyde, 1% sucrose and 50 mM sodium cacodylate (PH7.4). After a brief rinse, the tissue was post-fixed with 1% OsO4 for 90 min and then stained with 1% uranium acetate en bloc overnight. Thereafter, the samples were dehydrated through an ethanol gradient to 100%, equilibrated with propylene oxide, and infiltrated with 50% propylene oxide/50% Epon, then 100% Epon resin (EMS, Fort Washington, PA) for 3 times over a day. After polymerizing at 60C for 48hr, the sample block was sectioned with a Leica Ultra microtome (Leica UC-6) using diamond knives. The sections were post-stained with uranyl acetate and lead citrate, and then imaged with a FEI transmission electron microscope (Tecnai Bio-TWIN 12, FEI). A Figure S3 
rounds of mitosis

